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Effect of the Complexation on Solubility of Pu(IV)

in Aqueous Carbonate System
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donmunant aqueous species with Pu(OH),CO,, as
the solubility-controlling solid 1n NaClO,/NaHCO,/

Stability constant Na,CO, solutions at pH > 8 and I = 10 Pratopo ez
al [7] studied the carbonate complexation of Np(IV)
by a solubihity method and suggested the presence

Abstract of Np(OH),(CO,):~ (or Np(OH).(HCO,);") and

Solubility of Pu(IV) was measured over a total carbonate con-
centranon range of 10™* to 10— M at room temperature (20—
25°C) and 1 = 01 Since carbonate was not detected in the
sohd phase, the solubility controlling sohd was assumed to be a
hydrous oxide, PuO, xH,O A Limut of the equilibnum constant
of the exchange reaction between PuO, xH,0 and a carbonate
solid phase, PuOCO, xH,O, was esumated as

PuO, xH,0 + CO%~ + H,0 = PuOCO, xH,O + 20H~

K <1077
The measured solubihty was proportional to the square of the
bicarbonate concentration at the pH range of 94—101 This
resuit was nterpreted by

PuO, xH,0 + 2HCO; = Pu(OH)y(CO,);~ + xH,0

K = 10-*7=03

At pHs 12 and 13 where carbonate 10n 1s dominant,

PuO, xH,0 + 2C0O%~ = Pu(OH)(CO,);~ + (x—2)H,0
K = 10-49=0n

18 the predominant reaction

1. Introduction

The solubility of radionuclides 1s one of the more 1m-
portant parameters controling their release from a
deep underground radioactive waste repository Pre-
diction of the solubility requires a knowledge of all
relevant species present 1n solunon Complexation of
metal 1ons with ligands may stabilize them 1n natural
waters, and thus can control the speciation and solu-
bility of radionuchides of interest Because of their
strong tendency of complexation, carbonate or bicar-
bonate 10ns are likely to be some of the most sigmfi-
cant ligands to be considered [1, 2] Therefore, a clear-
er understanding of the effect of carbonate com-
plexation on solubility 15 needed

The complexation of Pu(IV) by carbonate has been
studied [3, 4, 5] Moskvin and Gel'man [3] showed
that the carbonate complex species, Pu(CO,)**, was
present 1n 036—3 6 M K,CO,; solutions Their work,
however, has been reviewed cntcally [5, 6}, and some
musunderstandings have been pomted out. Kim er al
(4] suggested that Pu(CO,)t>* (x = 1-5) are the

Np(OH),(COs);~ They also analyzed the concen-
tration of U(IV) in Swedish ground-water by taking
into account the presence of U(OH),(CO,)3~

Despite the fact that the chemical properues
of tetravalent actimdes are expected to be simular,
there are certain discrepancies 1n thewr complexation
data Considenng the critical role of carbonate com-
plex species 1n safety assessment of radioactive waste
disposal, much more reliable information 1s necessary
In the present study, the Pu(IV) sohd phase was
characterized and the dependence of Pu(IV) solubility
on carbonate-bicarbonate concentration was studied at
the pH range of 9413

2 Experimental
2 1 Preparations

Sample solutions were prepared from reagent grade
chemicals (Wako Pure Chemucal Ind, Ltd, Tokyo)
and deiomzed water (Milh-Q System, Milhipore) The
1sotopic composition of the plutonium was 0 0031%
5Py, 97 41% *Pu, 2 56% *°Pu and 0 026% **'Pu
Plutonium was chemically punified by anion exchange
The eluted Pu 1n hydrochlonic acid was converted to
Pu(IV) as a mtrate and prepared as a 1 8X10™*M
solution 1n 10 M HNO,

2 2 Procedures

An ahquot of the Pu(IV) stock solution was added to
a 20 ml solution containing KCl, K,CO, and KOH 1n
a polypropylene tube The imtial concentrations of
Pu(IV), K™ and total carbonate (C,) in the sample solu-
tion were typically 1 3X107¢, 01 and 10-*—10"' M,
respectively The pH was adjusted to values between
9 4 and 13 0 by adding dilute KOH A 0 1 ml volume
of 0 1 M NaNO, solution was added to mamntain the
Pu 1n the tetravalent state The samples were sealed
and stored for 2 weeks in air at room temperature
(20—25°C)

After two weeks, the pH and Eh of the sample
solutions were measured with a Ag/AgCl electrode
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and a Pt/AgCl electrode, respectively The electrode
was calibrated with pH buffer solutions (pH = 6 86
and 9 18) and a ORP standard (95 mV against the
reference electrode) The total carbonate concentration
was measured with CO, electrode (TOA Electromcs
Ltd. Japan, type CE-235, detection himut 4 0X107° M)
The electrode had been cahbrated with a KHCO, solu-
tion using the same procedure as for the measurement
of the carbonate concentraton The micro-centrifuge
system (Millipore) was used to effect the separation
processes A 0 5 ml aliquot of the sample solution was
filtered through 0 45 pm durapore (PVDF) and 10,000
NMWL (nomnal molecular weight hmut) poly sulphur
filters that had been ninsed with blank solution The
average pore size was estimated to be about 450 nm
and 3 nm, respectively Plutonium remaining on filters
was redissolved by passing 1 M HNO, through the
filters The concentration of Pu was measured with a-
spectroscopy after evaporating 50 ul of the final fil-
trate on a stainless steel planchet

The oxidation state of the Pu was determuned by
TTA extraction [7—9] A 100 ul aliquot of the final
filtrate was acidified with 1 ml of 1 M HCl An equal
volume of 04 M TTA 1n xylene was added and the
muxture was shaken for 10 min This method was vali-
dated using K,CO, solutions spiked with a Pu(lV)
stockh solution and a Pu(VI) perchlonc acid solution
and by reacidifying these solutions (Pu concen-
tration = 1078 M) within 10 min for TTA extraction

Plutonium sohd that had formed 1n a few samples
was used for characterizauon The mmtial concen-
tratons of Pu(IV) and C, in these samples were
10X10™“M and 001-01 M, respectively, and the
pH was 9 65—9 85 and 12 The sohd phase was trapp-
ed on a 0 45 um filter, nnsed 3 umes with 1 ml of de-
romzed water and redissolved 1n 2 mi of 1M H,SO,
The concentrations of carbonate and plutonium dis-
solved from the sohd were measured with the CO,
electrode and a-spectrometer, respectively To prevent
the disturbance on the carbonate measurement by acid-
Ic gas, a non-volatle acid (H,SO,) was used to dis-
solve the solid The electrode was calhibrated with a
KHCO, solution using 1 M H,SO, as an acidifier In
this case, the detection hmit was 6 X107 M

To check the methods used to charactenze the
sobd matenal, a preliminary test was camed out using
cobalt (Co**) 1n place of plutontum Cobalt was
chosen because both hydroxide and carbonate precipi-
tates can be readily prepared A cobalt precipitate was
prepared from CoCl, solution with an addition of
NaHCO, at pH = 8 0 and C, = 0 1 M The amount of
cobalt was vaned from 24 to 120 ug Precipitates were
also prepared n 01 M Na,CO, at pH = 110 and
01 M NaClO, at pH = 11 0 for comparison

3. Results and discussion

3 1 Cobalt
Cobalt forms Co(OH),,, (logK,, = —152 [10])) m
alkaline solutions and CoCO,,, (logK,, = —998
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Table 1 Carbonate content analysis for cobalt precipitates

Co Condition of Sohd [Co)* ZICO,)
ug precipitation mM mM
24 01M NaHCO, (pH=8) CoCO, 02 023
48 01M NaHCO, (pH=8) CoCO, 04 040
72 01M NaHCO, (pH=8) CoCO, 06 066
96 01M NaHCO, (pH=8) CoCO, 08 084
120 0 1M NaHCO, (pH=8) CoCO, 10 098
120 01M Na,CO, (pH=11) Co(OH), 10 009
120 01M Na,CO, (pH=11) Co(OH), 10 011¢
120 01M Na,CO, (pH=11) Co(OH), 10 011°
120 01M NaClO, (pH=11) Co(OH), 10 <006
120 0 tM NaClO, (pH=11) Co(OH), 10 <006
120 01M NaClO, (pH=11) Co(OH), 10 <006

* Assumning that all the cobalt was dissolved in 1 M H.SO,

® Total carbonate concentraton measured in 1 M H,SO,

< About 0 1 mM carbonate was detected, which 1s hikely due to
complete nnsing of the sohd

Table 2 Carbonate content in Pu solhd phase

Pu Condiion of [Pu] [CO,
ng precipitation mM mM
500 001M KHCO. (pH=9 65) 10 <01
500 003M KHCO, (pH=982) 10 <0t
500 01 M KHCO, (pH=9385) 10 <01
500 00SM K,CO, (pH=120) 10 <01

* The detection himut of this measurement in carbonate and bi-
carbonate solution 1s 0 1 mM (see text)

[11]) 1n carbonate solutions Cobalt carbonate may be
formed mn the NaHCO, solutnon (pH = 80) by the
following reaction

Co** + HCO; = CoCOs,,, + H* (1)

Cobalt hydroxide may be formed 1n the Na,CO, (pH =
11 0) and 0 1 M NaClQ, solutions (pH = 11 0) by the
following reaction

Co** + 20H"~ = Co(OH),, @

The results of the carbonate concentrations for the co-
balt precipitates are shown in Table 1 The measured
carbonate molarity at pH = 8 1s almost equal to that
of cobalt At pH = 11, on the other hand, the measured
carbonate molality 1s much less than that of the cobalt
This 1ndicates that carbonate deterrmmunation in precipi-
tates can be used to determune whether the plutonium
precipitate 1s carbonate or not The error of measure-
ment 1s about 10% and 1s possibly the result from 1n-
complete separation and nnsing of the solid The re-
sults for the three runs at pH 11 1n Na,CO, are higher
than those 1n NaClO, and may be due to adsorption of
carbonate on the solid and incomplete nnsing of the
solid Hence, detection limut of this determination 1s
considered to be 0 1 mM

3 2 Characterization of the plutonium solid
phase

The carbonate concentrations for the Pu(IV) sohd
phase are shown 1n Table 2 Even in the 0 1 M KHCO,
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solution, the carbonate content was below the detec-
tion limit (0 1 mM) The virtual absence of carbonate
suggests the formation of hydrated oxide PuO, xH,0O

Our results do not agree with earlier predictions {4,

s 5] suggesting the transformation of sohd species from
| =%-7  oxude to hydroxycarbonate 1n solutions of > 10™*M
ARF= - carbonate In the present study, the mole fraction of
f%% - hydrated oxide and hydroxycarbonate were > 0 9 and
’gﬁ}“ - < 01, respectively The equilibrium constant of the
g’éﬁ‘ transformation reaction
L R
N PuO, xH,0 + COi 3
Banad + H,0 = PuOCO, xH,0 + 20H-
. was estimated to be X < 107%7 This calculation was
* based on the assumption that the ratio of the mole
~~. fraction between the sohd phases was equal to therr
activity ratio The solubility product of PuQ, xH,O at
I = 01 was estimated to be logK,, = —54 70 using
the Davies equation [12] A solubility product, K,,, of
*r . >107%° was estimated for PuOCO, xH,0
) 3 3 Stability constant of Pu(IV)
;‘l hydroxycarbonate complexes
n#=~  Carbonate concentrations 1n the range of 10™*—~05M
P were kept approximately constant for about 100 days
2, - under the experimental conditions as shown n Fig 1
+2~ A sample of the concentration as low as 10~° M was
"~ affected by the atmosphenc CO,
oy Figure 2 shows the redox potential of the sample
s - Solutions at different pHs The following reaction 1s
"=~ likely to control the redox condition of the sample
FsgK: . solutions

1/2NO; + 1/2H,0 = 1/2NO; + H* + e~
K - 10-14 15

PuIV) 1s extracted by TTA while other oxidation
States remain n the aqueous phase [9] in 1 M HCI
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Fig 2 Measured redox potential versus pH for the Pu(IV) car-
bonate-bicarbonate solutions with NaNO, The line corresponds
to Eq (4)
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Fig 3 Equbbration of plutomum(IV) concentrations for
10~* — 16X107* M KHCO,/K.CO; solutions 1n the pH range
of 94-13, O, M, A oversaturation, A undersaturation

The extraction of Pu(IV) from carbonate solution was
(92 9+2 4)%, while that of Pu(VI) was less than 0 3%
was determined from the validation expennment More
than 90% of the Pu was extracted from the sample
solutions under the condition indicating that the Pu
was mainly 1n the tetravalent state, although a 10%
uncertainty exists

A series of solubility measurements was carmed
out at pHs 94, 101, 13 from the direction of over-
saturation to determine the time required for equilibni-
um to be reached As shown in Fig 3, the Pu concen-
trations reach equilibnium within the first 14 days from
the direction of oversaturation The total carbonate
concentration of a sample of pH 10 1 was increased at
the 14th day by adding KHCO, and K,CO, The sohd
phase began to dissolve and took 100 days to reach
a new equiibnum concentration This suggests that
longer equilibration times are needed from the under-
saturation direction than from the oversaturation direc-
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Fig 4 Effect of bicarbonate concentraton on solubility of

PuIV) atpH = 94,97, 98 and 10 1, and effect of carbonate

concentration at pH 12 and 13 The solid curves show the results

of the least-squares fiting The dashed Line shows the contn-
bution of Pu(OH)3

tion Although the equlibnum from the undersatur-
ation direction was also mvestigated at pH = 13, the
conccentration was still increasing after 200 days The
equibbnium was not confirmed because Eh and total
carbonate concentration were sigmficantly affected by
atmospheric O, and CO, An equbbration penod of
14 days and the oversaturation direction were chosen
for the present study Considenng that the solid phase
will proceed to crystallize, the equibbrium state dis-
cussed here may be a pseudo equilibrium state

The measured solubiity of Pu(IV) 1s shown 1n
Fig 4 In low carbonate solutions, an aqueous neutral
species of Pu(OH)S 1s domunant Its solubility was re-
poried by Ewart er al [13] The solubility measured at
C, > 107* M 1s far hagher than that of Pu(OH)S, which
15 due to complexation Although the chionde amon
15 the main amomc species 1n the sample solutions,
the complex formation of Pu(IV) by Cl™ 1s negh-
gible according to the predicted formaton constant
(10gBpuer» = 133 [14]) Carbonate and bicarbonate
concentrations were calculated from C, and pH using
the following equilibnum constants [15] atI = 01

H,COy., = H* + HCO; K = 107°¢ )
HCO; = H* + CO3~ K =107"°% (6)
RH,0 = H* + OH" K =10-" @)

Because the Pu fraction remaiming on the filter was
one order of magmtude lower than that in the final
filtrate, the s1ze of main Pu species 1n sample solutions
was less than 3 nm The data analysis presented 1n thus
paper 1s based on two assumptions (a) the thermody-
namic activity of the solid 1s the same for all carbonate
and bicarbonate concentrations, and (b) bi-nuclear or
polynuclear species are not involved
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Because bicarbonate 1on 1s dominant over the pH
range of 9 4—10 1, the measured Pu concentrations are
plotted versus [HCO;] The Pu solubility depends on
the bicarbonate concentration over ttus pH range,
log[Pu(IV)] 1s proportional to log[HCO;] with the
slope of 2 Hence, we considered the following reac-
tion

PuO, xH,0 + 2HCO; = Pu(OH),(CO,);"
+ (2-n)OH™ + xH,0

To deterrmne the value for n, the slope of
log ([Pu(OH),(CO,);"/[HCO;}*) agamst log[OH™]
was calculated to be 023057 The best fit for this
data 1s n = 2 although a certan error (n = 2 2320 57)
1s associated with thas fit The Pu concentration 1n bi-
carbonate solution 1s given by the sum of [Pu(OH)J]
(= 107°*“M [13]) and [Pu(OH),(CO;)3"] A least-
squares method gives the equihbrium constant of
10727=05 for Eq (9)

PuO, xH,O + 2HCO; = Pu(OH),(CO,)3~
+ xH,O

Carbonate 10on dominates in the higher pH range, 1n
place of bicarbonate At pH = 12 and 13, the solu-
bility at [CO3~] > 1072 M 1s proportional to the square
of the carbonate concentrations and can be estimated
by reaction (10)

PuO, xH,0 + 2CO3~ = Pu(OH).(CO;)3~
+ (x—2)H,0

The Pu concentration in the carbonate solution s given
by the sum of [Pu(OH)J] and [Pu(OH).(CO;);"] A
least-squares method gives an equiibnum constant
of 1074%8=9% for Eq (10) Since the data at pH 12
are nearly identical to those at pH 13, the following
pH-dependent reaction was ruled out

PuO, xH,0 + 2C0O3%~ = Pu(OH),(CO;)3~
+ OH™ + (x—2)H,0

Together with the solubility products of PuO, xH,O,
the stabihty constants of Pu(OH),(CO;);~ and
Pu(OH),(CO,)¢~ were calculated to be 10%23°¢ and
10%972=048 respectively The stability constants of the
hydroxycarbonate complex species are tabulated in
Table 3

The present interpretation for Pu(TV) carbonates 1s
sumilar to that for Np(IV) carbonates [7] The forma-
uon of Pu(CO,)i™** (x = 1-5) and Pu(OH),CO,,,),
both of which have been predicted by Kim er al [4]
and Lierse [S5], were not consistent with our expen-
mental results Their solubility 1n the pH range of 9 to
11 can be fitted with Eq (9) as well as their interpreta-
tion 1n which the formation of Pu(CO,)3~ was taken
into account Their solubility 1n higher pH range was
proportional to the square of the carbonate concen-
tration and can be fit with Eq (10) as well as their
interpretation i which the formation of Pu(CO,);~%*
x = 4, 5 was taken mnto account The Eh-pH diagram
calculated by using the present data and data compiled
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Table 3 Equlibrium constants of An(TV) hydrolysis and carbonate spectes

Reaction Ionic logKk log stability
strength constant of product*

PuO, xH,0 + 2HCO; = Pu(OH),(CO,);~ + xH,0 01 -27 *05 442 =06
Pu(OH)., = Pu(OH)2 0 —10 140 28 [13] 46 71%046

0t -1014x028 4456046
Pu** + 40OH™ + (x—~2)H,0 = PuO, xH,0.., 0 56 85=0 36 [12] -

01 54 700 36° -
Pu** + 20H- + CO%~ + (x—~1)H,0 = PuOCO, xH,0 01 <480 -
Np(OH)4am; + 2HCO; = Np(OH).(CO,)3~ + 2H,0 03 ~035+033 (7] 431 =04
Np(OH)sem; + 2C03~ = Np(OH)(CO,)3~ 03 -143*033 (7] 505 x04
Np(OH)suey = Np(OH)S 03 ~-85 *01 [16] 434 *x03
Np** + 40H™ + (x=2)H,0 = NpO; xH;Oum; 0 345 x03 [12] -

03 519 =03 -
U(OH) sy + 2HCO; = U(OH)(CO,)3~ + 2H,0 vaned > —244 (7] >417 (7]

* Solubility products that were corrected to 10mc strength were used for calculation
® Solubility products at I = 0 1 and 0 3 were esumated using the Davies equation [12]

Fig 5. Eh-pH diagram of Pu, total carbonate concentration
4x10-°M

1n reference [17] 1s shown 1n Fig 5 This diagram 1s
dufferent from previous ones [18, 19], in which the
formation of hydroxycarbonate species have not been
taken 1nto account

4. Conclusion

The Pu solid phase formed in the present solubility
experiments 1s hikely to be PuO, xH;O Carbonate
and bicarbonate have significant effect on the solu-
bility of Pu(IV) Species of Pu(OH),(CO;);™ 1s pre-
dormunant in bicarbonate solutions, while species of

-y

172

Pu(OH),(CO,);~ 1s responsible for the solubility mn
carbonate solutions
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